[1] A satellite-based global analysis of high-resolution (0.25 ) ocean surface turbulent latent and sensible heat fluxes was developed by the objectively analyzed air-sea fluxes (OAFlux) project. Resolving air-sea flux down to the order to 0.25 is critical for the description of the air-sea interaction on mesoscale scales. In this study, we evaluate the high-resolution product in depicting air-sea exchange in the eddy-rich Gulf Stream region. Two approaches were used for evaluation, one is point-to-point validation based on six moored buoys in the region, and another is basin-scale analysis in terms of wave number spectra and probability density functions. An intercomparison is also carried out between OAFlux-0.25 , OAFlux-1 , and four atmospheric reanalyses. Results indicate that OAFlux-0.25 is able to depict sharp oceanic fronts and has the best performance among the six participating products in comparison with buoy measurements. The mean OAFlux-0.25 differences in latent and sensible heat flux with respect to the buoy are 7.6 Wm À2 (7.7%) with root-mean-square (RMS) difference of 44.9 Wm , respectively. Large differences are primarily due to mismatch in SST between gridded data and point measurements when strong spatial gradients are presented. The wave number spectra and decorrelation length scale analysis indicate OAFlux-0.25 depicts eddy variability much better than OAFlux-1 and the four reanalyses ; however, its capability in detecting eddies with smaller scale still needs to be improved. Among the four reanalyses, CFSR stands out as the best in comparison with OAFlux-0.25 .
Introduction
[2] Turbulent latent and sensible heat fluxes are important heat exchanges at the air-sea interface that influence and are influenced by atmospheric and oceanic processes on various temporal and spatial scales. One fundamental scale of variability in the oceans is the eddy-length scale. As shown by Wunsch [2002] , oceanic kinetic energy is dominated by mesoscale eddies and the eddy kinetic energy tends to be greatest in places such as the western boundary currents and the Antarctic Circumpolar Currents where ocean fronts with sharp horizontal temperature gradients are featured. There has been ample evidence in literature that ocean mesoscale eddies and fronts modulate the marine meteorological boundary and exert great influence on air-sea exchanges of heat, moisture, and momentum [see a review by Small et al., 2008] . These out-of-ocean fluxes force an atmospheric response, and the impact can be well identified in the midtroposphere and beyond [Sweet et al., 1981; Minobe et al., 2008] . Climate study and oceanic research have entered the era of eddy permitting and/or eddy resolving. Air-sea fluxes are at the center of oceanatmosphere interactions and their impacts. It is anticipated that the computation of air-sea fluxes with a resolution capable of resolving ocean mesoscale features would be important for improved characterization of air-sea interactions over ocean fronts and eddies.
[3] The length scale of mesoscale eddies ranges typically from 1000s km at low latitudes to 100s km at midlatitudes and down to 10s km at high latitudes [Chelton et al., 1998; Small et al., 2008; Jiang et al., 2012] . In general, the first baroclinic Rossby radius L decreases with increasing latitude; in the Gulf Stream (GS) region it is about 20-30 km [Chelton et al., 1998 ]. The wavelengths for the eddy variability can be estimated as 2L [Williams et al., 2007] ; thus, the correspondingly length scale is about 120-180 km. Therefore, one needs to use a flux product that has a resolution higher than one degree to resolve the features related to eddies and ocean fronts associated with the GS variability. Air-sea fluxes are presently computed from bulk flux parameterizations with surface meteorological variables from satellite retrievals and atmospheric reanalyses as inputs. Some satellite-derived surface heat flux analyses were constructed using spatial resolution of 0.25 [e.g., Kubota et al., 2002; Shie et al., 2012] , some were based on 0.5 grids [e.g., Andersson et al., 2011] , and some were binned onto 1 grids [e.g., Bentamy et al., 2003] . At the same time, atmospheric reanalyses have made efforts in improving surface fluxes through implementing improved parameterizations and finer resolution. The latest reanalyzed surface fluxes have a spatial resolution all between 0.3 and 0.7 [Saha et al., 2010; Dee et al., 2011; Rienecker et al., 2011] , which improve considerably the previous versions that have a resolution much coarser than 1 [Kanamitsu et al., 2002; Uppala et al., 2005; Kalnay et al., 1996] . The authors of the present study are the developers of the objectively analyzed air-sea fluxes (OAFlux) project and have produced 50-plus years of global ocean evaporation and turbulent heat flux analysis by using an advanced objective analysis approach to find optimal representation of surface meteorological variables from multiplatform satellite retrievals and atmospheric reanalyzed fields [Yu et al., 2008] . Since the objective analysis takes into account data errors in synthesizing data from various sources and produces an estimate that has the minimum variance, the resulting flux analysis has improved accuracy [Yu et al., 2004a [Yu et al., , 2004b . However, the five-decade long OAFlux analysis was constructed on 1 grids, which is apparently not sufficient for resolving spatial scales of mesoscale variability.
[4] New efforts have been made to OAFlux to construct a higher-resolution (0.25 ) turbulent latent and sensible heat flux analysis for the satellite era by taking advantage of several recent achievements obtained by individual research groups in improving the accuracy and quality of flux-related variables. Three data sets are particularly beneficial in developing the flux analysis. The first data set is the 0.25 analysis of near-surface air temperature and humidity derived from the advanced microwave sounding unit A (AMSU-A) and the Special Sensor Microwave Imager [Jackson et al., 2006 [Jackson et al., , 2009 Jackson and Wick, 2010] . The second data set is the 0.25 analysis of global ocean vector winds from an objective synthesis of satellite sensors that consist of nine microwave passive radiometers, one polarimetric radiometer, and two scatterometers from QuikSCAT and ASCAT [Yu and Jin, 2012] . The third data set is a suite of fine-resolution products from the group for high resolution sea surface temperature (GHRSST). We selected the NOAA operational 25 km global SST based on the advanced microwave scanning radiometer-EOS (AMSR-E) and advanced very high resolution radiometer (AVHRR) [Reynolds et al., 2007] . The last two data sets are similar to what were used in constructing OAFlux-1 products, albeit the resolution is refined and quality is improved owing to the addition of sensors.
[5] This study will use the newly developed OAFlux-0.25 flux product to assess the advantages of high resolution in resolving air-sea exchanges on mesoscale variability in the GS region. The region is chosen because it is the site of intense air-sea interaction where strong turbulent latent and sensible heat loss contributed to larger total heat loss from the oceans, with the daily mean exceeding 1000 Wm 2 during a cold winter outbreak Kelly et al., 2010; Weller et al., 2012] . The region is also the site for a field program, namely, the CLIVAR mode water dynamics experiment (CLIMODE) that was designed to study the role of air-sea fluxes and ocean dynamics in the formation, evolution, storage, dispersal, and large-scale consequences of eighteen degree water (EDW), the subtropical mode water of the North Atlantic [Marshall et al., 2009] . One buoy was deployed during the CLIMODE project, which, together with five existing coastal station buoys operated by the National Data Buoy Center (NDBC) in the area, provides multiple in situ time series of surface meteorology and fluxes valuable for validation.
[6] The assessment analysis in this study aims to evaluate two aspects of the OAFlux-0.25 product, namely, the degree of improvement made to the accuracy of flux estimates and the degree of improvement made to the spatial-temporal flux variability associated with ocean fronts/eddies in the GS region. The six in situ buoys (i.e., CLIMODE plus five NDBC buoys) that are available in the area of interest provide valuable benchmark time series for evaluating the accuracy of temporal variability of gridded flux products at selected buoy sites, but are not sufficient to provide an integrated perspective of flux variability over the regional scale. Spatial-temporal variability is usually analyzed by statistical methods, such as wave number spectrum analysis [Milliff et al., 2004; Vogelzang et al., 2011] and spatial decorrelation length scale analysis [Jiang et al., 2012] to identify spatial representation scales in gridded products, and probability density functions (PDFs) analysis [e.g., Gulev and Belyaev, 2011 ] to examine error variances and the probability for extreme synoptic events. Hence, we combined buoy evaluation with the two above mentioned statistical methods to provide a more complete insight into the statistical aspects of the OAFlux high-resolution analysis. Given that the latest atmospheric reanalyses made substantial progress in surface flux estimates compared to the firstgeneration reanalyses, we included four reanalyses in the assessment analysis to gain an improved understanding of the state-of-the-estimation of the latest atmosphere reanalyzed surface fluxes in comparison with satellite-based . The four reanalyses flux products are the European centre for medium-range weather forecasts (ECMWF) Reanalysis Interim project (ERA-interim), the NASA's modern era retrospective-analysis for research and applications (MERRA), the National Centers for Environmental Prediction (NCEP) Climate Forecast System Reanalysis (CFSR), and the first generation reanalysis from the NCEP/National Center for Atmospheric Research (NCAR) Reanalysis.
[7] This paper is organized as follows. Section 2 provides a brief introduction to the six data products in use, including , OAFlux-1 , CFSR, ERA-interim, MERRA, and NCEP. A brief description of the six buoys (CLIMODE plus five NDBC buoys), including types of measurements and accuracy, is also given. The analysis of buoy evaluation of the six flux products is presented in Section 3. Characterizing the spatial and temporal representations of the six flux products in the GS region using statistical analysis of wave number spectrum, spatial decorrelation length scale, and PDFs is presented in Section 4. Summary and conclusions are given in Section 5.
2. Data 2.1. Versus OAFlux-1
[8] The OAFlux-0.25 daily mean latent heat (LH) flux and sensible heat (SH) flux have been developed using a similar technique that was used in OAFlux-1 o [Yu et al., 2008] . A variational objective analysis method was applied to obtain the best estimates of flux-related surface meteorological variables through synthesizing satellites observations with reanalyses providing necessary supplementary data sets in case satellite observations are not available. The surface heat fluxes were then computed from the stateof-the-art COARE bulk flux algorithm 3.0 [Fairall et al., 2003 ].
[9] The flux-related surface meteorological variables that are optimized in OAFlux objective analysis include wind speed (U), near-surface air specific humidity (Qa), and temperature (Ta), sea surface temperature (SST), and sea surface pressure. Wind speed was taken from the newly developed OAFlux-0.25 satellite-based ocean vector winds analysis (1987 onward) [Yu and Jin, 2012] that was obtained through an objective synergy of 12 satellite sensors, including two scatterometers (QuikSCAT and ASCAT), nine passive microwave radiometers (AMSR-E, six SSM/I series and two SSMIS series), and the passive polarimetric microwave radiometer from WindSat mission. Yu and Jin [2012] evaluated the vector wind analysis at 126 moored buoy locations and reported that the mean difference between the high-resolution analyzed wind speeds and buoy measurements is À0.13 ms À1 and the root-meansquare (RMS) difference is 0.71 ms À1 based on 168,836 daily mean values.
[10] The 10 m Ta and Qa products derived from satellite retrievals by Jackson et al. [2009 Jackson et al. [ , 2010 were the primary data sets in OAFlux-0.25 analysis. Jackson et al. [2009 Jackson et al. [ , 2010 derived Ta and Qa at 10m from satellite retrievals of SSM/I, SSMIS, and AMSU using a multivariable linear regression. The data sets have a spatial grid resolution of 0.25 , covering the global oceans from 70 S to 70 N for the period of 1999-2010. The mean coverage of the data on daily basis over the GS region is about 80% (Figure 1 ). The coverage is lower in subtropics than over the midlatitudes because the orbital geometry tends to create more gaps at low latitudes. Over five out of six locations of the buoy used in this study the coverage is more than 85%. There is no data within 50 km of any coastline where the SSM/I data were contaminated by the abrupt change in surface emissivity between water and land. Note that compared to the satellite-derived wind speed, the coverage for Ta and Qa is relatively lower. The mean coverage of the daily mean satellite-derived wind speed is more than 97% over the global ice free ocean since July 1999 due to multiply sensors used in the analysis [Yu and Jin, 2012] .
[11] Compared to atmospheric reanalysis, the satellitederived Ta and Qa data sets show much refined spatial variability on synoptic time scales. However, the data sets were not used directly; rather they were height adjusted to 2 m using the COARE algorithm [Fairall et al., 2003] . The estimates are biased when validated with buoys. In the tropics, there are wet biases in Qa estimates and warm biases in Ta estimates, while in the extra tropics, the signs of biases are reversed with dry biases in Qa estimates and cold biases in Ta estimates (not shown). The mean estimates were adjusted based on OAFlux-1 before being synthesized.
[12] SSTs were taken from the NOAA operational 25 km global SST based on AMSR-E [Reynolds et al., 2007] . Unlike OAFlux-1 that synthesizes satellite-derived SST with reanalyses SSTs to obtain optimal SST estimates, the OAFlux-0.25 analysis uses the reanalyses SSTs only as constraint for the synthesis of Ta and Qa, but not to reproduce OAFlux SST.
Surface Heat Flux Products From Four Reanalyses
[13] The four reanalyses (Table 1 ) used in this study are ERA-interim, MERRA, CFSR, and NCEP reanalysis. ERA-interim is a bridge between ERA40 and the nextgeneration extended reanalysis envisaged at ECMWF. The major advances in ERA-Interim include many model improvements, such as the use of four-dimensional variational analysis, a revised humidity analysis, improved bias correction for satellite data, and higher spatial and temporal resolutions. The ERA-interim surface variables are available at 3 h intervals at resolutions T255 ($79 km or 0.703 ) [Dee et al., 2011] . [14] MERRA is the NASA reanalysis for the satellite era (from 1979 onward) using a new version of the Goddard Earth Observing System Data Assimilation System (GEOS) atmospheric model v5.2.0 and data assimilation system (DAS). The project was aimed at improving the representation of the water cycle on a broad range of weather and climate time scales by assimilating the NASA Earth Observing System (EOS) series to improve cloud properties and moisture distribution. The resolution of GEOS atmospheric model is 1/2 latitude by 2/3 longitude with 72 vertical levels and is available at hourly temporal resolution [Rienecker et al., 2011] .
[15] The recently completed CFSR is NCEP's third global reanalysis, and has many improvements in model functions and assimilation techniques over NCEP reanalysis and NCEP-Department of Energy reanalysis (NCEP2, not used in this study). The three main differences from the earlier NCEP efforts include higher horizontal and vertical resolution of the atmosphere (T382 L64), the use of a coupled atmosphere-ocean-land surface-sea ice system, and the assimilation of radiance measurements from historical satellites in addition to all conventional data [Saha et al., 2010] . The CFSR is caste as the successor of NCEP2, and will extend back to 1948; as such, it will be the successor of NCEP reanalysis. CFSR surface products are available at an hourly time resolution and 0.31 horizontal resolution.
[16] NCEP reanalysis has been available for many years. It represents the first efforts toward producing a comprehensive record of past atmospheric conditions using fixed, up-to-date data assimilating/forecasting system with T62 L28 resolution. The NCEP surface fluxes are available every six hours, on a Gaussian 192 Â 94 grid (approximately 1.875 in longitude and latitude). As shown in Table 1 , the horizontal resolution in the latest reanalyses ranges between 0.3 and 0.7 , which is clearly an improvement over the early reanalysis from NCEP at 1.875 resolution. In general, the latest reanalyses represent an improvement over the earlier reanalyses. In this study, we will include both the latest and the early reanalyses to assess the degree of improvements made in the air-sea turbulent heat fluxes associated with the ocean fronts.
Time-Mean Heat Flux Pattern Depicted by the Six Heat Flux Products
[17] A total of six flux products are used in the analysis, namely, OAFlux-0.25 , OAFlux-1 , ERA-interim, MERRA, CFSR, and NCEP. The analysis is based on the period from December 2002 to February 2010 except for CFSR, which is available up to the end of 2009. This period covers eight winter seasons (December-January-February). The wintermean LH þ SH patterns in the GS region depicted by the six participating flux products along with the winter mean position of the 18 C SST isotherm from the corresponding data source are shown in Figure 2 . The location of the 18 C isotherm approximates the location of the northern wall of the GS [Weller et al., 2012] , with maximum LH þ SH values on the right-hand side over the core path of the GS that has higher SSTs. A close relationship of the oceanic latent and SH fluxes with the GS fronts is indicated.
[18] OAFlux-0.25 has a sharper and stronger LH þ SH along the GS fronts among all the products. OAFlux-1 agrees with except that the mean structure is general smoother and the LH þ SH maximum is about 50 Wm À2 weaker. The four reanalyses show a broad agreement with in the mean pattern but vary in details from one product to another in terms of the width and magnitude of the LH þ SH front. CFSR stands out as the best comparison with the OAFlux-0.25 among the four reanalyses products, this is particularly interesting, given that the two products are independent. Both depict a welldefined LH þ SH front with maximum values exceeding 500 Wm À2 . By comparison, ERA interim has a mean pattern similar to CFSR, albeit the peak magnitude over the core of the GS is weaker in east of 65 W. MERRA displays a smooth structure with a magnitude that is the weakest among all products. NCEP, which has the coarsest spatial resolution at 1.875
, shows a smoothest and broadest LH þ SH front and a weakest association with the location of the 18 C NCEP SST isotherm. However, with the magnitude of the LH þ SH maximum greater than 450 Wm À2 , NCEP fluxes are among the strongest.
[19] The year-to-year winter variability in LH þ SH, depicted by the time evolution of its zonal mean, is large, as shown in , OAFlux-1 , and ERA-interim, with MERRA being weakest. The differences in magnitude of zonal averages reflect both the width and magnitude of the maximum LH þ SH front depicted by the six products. The LH þ SH maximum values in and CFSR are centered along a sharp front meandering with the 18 C SST isotherm, while the large LH þ SH values in NCEP are wide-spread along the LH þ SH front.
In Situ Observations
[20] Six buoys were selected. Note that buoy data serve as validation data sets, so that they are not assimilated in the OAFlux analysis. The buoy locations are marked in Figure 2 , and the buoy measurement periods used in the study are listed in Figure 2 ). The surface mooring was instrumented with two sets of Air-Sea Interaction Meteorological Systems (ASI-MET) that provide measurements of surface air-sea variables (e.g., air and sea temperature, relative humidity, wind speed and direction, barometric pressure, downward short and longwave radiation, and rainfall) at a one minute sample rate. Buoy air-sea fluxes of heat, freshwater, and momentum are estimated using bulk flux formula. Typical accuracy of the derived buoy fluxes is about 5 Wm À2 (5%) and 2 Wm À2 (15%) for LH and SH, respectively [Colbo Weller, 2009] . In the GS location, it is anticipated that the uncertainties could be slightly larger due to harsh environmental conditions . A detailed documentation of the CLIMODE buoy design, measurements, and accuracy can be found from Weller et al. [2012] .
[21] The other five buoys are the offshore moored stations owned and maintained by NOAA's NDBC. Hourly measurements were recorded and transmitted, including wind speed, direction, gust, barometric pressure, air and sea temperature, relative humidity, and wave energy spectrum. Using these surface meteorological measurements, LH and SH can be computed using bulk flux formula. The locations of the five buoy stations compliment the CLI-MODE buoy location, which together offer some spatial C SST isotherm from the corresponding data source. The six squared black boxes denote the locations of the six buoys used in the study, and the numbers denote the NDBC station numbers and CLIMODE denotes the field program. dimension of LH and SH variability in the GS region. Stations 41025 (75.4 W, 35 .0 N) and 44004 (70.4 W, 38.5 N) are slightly off the elongated climatological maximum center of LH þ SH (Figure 2) N) are in the cold water region on the offshore side of the GS. Turbulent fluxes derived from NDBC buoys may be less reliable than data collected by scientifically oriented field experiments as the sensors selected by NDBC are less expensive, less accurate than those used for field experiments [Bourras, 2006] . The accuracy of the NDBC sensors (i.e., ARES Payload installed at each selected buoy in this study) are 10% for wind speeds, 3% for relative humidity, 1 C for Ta, and 1 C for SST [National Data Buoy Center, 2013] . By comparison, the accuracy of ASIMET are 5% for wind speed, 3% for relative humidity, 0.2 C for Ta, and 
Buoy Evaluation
[22] Two adjustments were made to buoy measurements before they were used for evaluation. One was the height adjustment for buoy air temperature and humidity measurements. The CLIMODE instruments measured air temperature and relative humidity at a height of 2.7 m above the mean water line, while the instruments on the five NDBC buoys measured air temperature and relative humidity measurements at 4 m above site elevation. The gridded products from OAFlux and atmospheric reanalyses provide air temperature and humidity at 2 m. We chose 2 m as the standard height for these two variables in this study and adjusted the buoy measurements to 2 m using the COARE algorithm [Fairall et al., 2003] . The other adjustment was the equivalent neutral wind adjustment made to both buoy and atmospheric reanalyzed winds. The CLIMODE buoy wind measurements were made at a height of 3.4 m, while NDBC buoy winds were at 5 m. The winds from atmospheric reanalyses were all at 10 m but differ from OAFlux analyzed winds in that the latter are 10 m neutral winds. We applied an equivalent neutral wind conversion of Liu and Tang [1996] to reanalyzed winds and buoy winds and applied height adjustment to 10 m for the buoy winds the COARE algorithm. The daily-mean buoy data were used for validation.
Evaluation of OAFlux-0.25
[23] Mean and daily variability of LH and SH estimates from are first examined using high-quality CLIMODE buoy measurements. Figures 4a-4f show the daily time series comparison of surface heat fluxes (i.e., LH and SH) and flux-related variables (i.e., SST, wind speed at 10 m, specific humidity and air temperature at 2 m) between OAFlux-0. basic variables, most noted in SST and wind speed (Figure 4c ), have a mean state evidently higher than that of the buoy measurements.
[24] The mean difference is 47. [25] The OAFlux SST, which is the OISST 0.25 daily analysis derived from the AMSR-E and AVHRR, deviated from buoy SST by as much as 5 C between January and March 2006, during which buoy SST underwent rapid cooling and large synoptic variability whereas the satellitebased SST had a relatively weak cooling and weak synoptic variability. This SST discrepancy between the buoy measurements and satellite-derived product is due to the fact that buoy observations are quite sensitivity to the position of GS; on the other hand, satellite observations is less sensitive to the position of GS at this relatively low resolution. Davis et al. [2013] reported that, during the 15 month CLI-MODE mooring period, the position of the buoy relative to the GS north wall was not fixed but changing, because the GS fluctuates with time. It was found that the buoy was located to the north (south) of the GS north wall $55% (45%) of the time during the $15 month record. The GS north wall is usually perceived as an open ocean barrier that separates the continental shelf waters from the warm interior waters of the GS and defines the location of sharp SST gradients (Figure 2) . Hence, SST would be lowered down considerably if the buoy veered off to the north of the GS north wall in the maximum SST gradient zone. It is striking to see that the significant SST discrepancies between OAFlux-0.25 and buoy all occurred when the buoy was located north of the GS north wall.
[26] When comparing OAFlux gridded products with buoy measurements, one should know that buoy measurements are single point in situ measurements, while the OAFlux-0.25 estimates at each grid point represent the spatial averages over about 25 Â 25 km 2 areas. Therefore, estimates at the CLIMODE buoy site are the results of the 25 Â 25 km 2 area average in the neighborhood of the buoy site. At this resolution, the strong fronts cannot be clearly resolved, and the results obtained from the buoy in situ observations and the area-averaged satellite measurement can be different. For buoy-based SST comparison, if there are no dense SST gradients within 25 km diameter surrounding the buoy site, the area average is close to the single point measurements ; otherwise, the difference between the two different representations can be large. Strong SST front can appear around the CLIMODE buoy site during the winter season. When the buoy is north of the GS north wall, buoy SST is rather low. On the other hand, the area-averaged SST includes the contribution of some warm GS waters. As a result, the area-averaged SST at the buoy site can be much warmer. This could be the reason that the satellite-based gridded SST product was higher than buoy SST in the winter season when the buoy was off the core of the GS front. During late summer (July-AugustSeptember) when the SST gradients are much weaker, the differences between the two SST representations are visibly small. This strengthens the argument here that the changing SST state around the buoy site affects the degree of comparison between the area average and point measurement.
[27] OAFlux-0.25 also shows stronger wind speed during the winter season when compared to buoy wind measurements. We suspect that the leading cause of the stronger-than-buoy winds might also be the difference between area average and point measurement. Wind speeds are enhanced over the GS fronts due to strong warm SST modulation on the marine atmospheric boundary layer stability that leads to the momentum aloft to be mixed down to the surface and increases the surface winds [Wallace et al., 1989; Small et al., 2008] . Buoy wind speed would be weaker when the buoy was north of the GS north wall, which was the case during January to March 2006. The 25 km Â 25 km area averaged wind speed would reflect the average over a gradient zone of wind speed, which would be stronger.
[28] Hence, the difference between area average and point measurement is likely a major cause of large RMS differences between the gridded products and buoy fluxes. The presence of an ocean front puts a stringent condition in obtaining a fair comparison for a gridded product with in situ buoy measurements.
[29] To examine the impact of spatial resolution on discrepancies between OAFlux and buoy measurement, we convert the 0.25
OAFlux SST data to a data set with 1 resolution for comparison ( Figure 5 ). This figure shows that the 1 SST further underestimates the rapid cooling between January and March 2006, with the RMS difference increasing from 2.09 to 2.23 C. The SST from OAFlux-1 is also included as an independent data set, which seems smoother and has larger RMS difference compared to the 1 SST. Note that the OAFlux-1 SST is the AVHRR and reanalyses combined product, whereas the OAFlux-0.25 SST is the AVHRR and AMSR-E combined analysis, of which the primary AVHRR contribution is in regions near land where AMSR is not available. The AMSR-E and AVHRR SST has improved spatial resolution compared with the AVHRR-only product. In fact, especially in the western boundary current regions in winter clouds are often generated at a SST front, so that the AVHRR high-resolution infrared (IR) satellite measurements are not available. On the other hand, the IR spatial resolution is much better than microwave when skies are clear [Chelton and Wentz, 2005; Reynolds et al., 2007] .
[30] To quantify the relative contribution of each meteorological variable to the errors in LH and SH, we linearize the bulk formula and decompose the basic variables onto the buoy mean and the deviations from the buoy mean. The following two relationships are obtained:
where LH, SH, U, Qs, Qa, SST and Ta are buoy measurements of daily mean LH flux, SH flux, wind speed, saturation specific humidity, specific humidity, SST and air temperature, respectively. These variables with a prime (e.g., LH 0 ) denote the differences between OAFlux-0.25 and buoy (i.e., OAFlux minus buoy). The right-hand side of equation (1) has three terms, representing the contributions of the OAFlux-buoy differences in wind speed (the first term, hereafter LH (U 0 )), saturation specific humidity (the second term, hereafter LH (Qs 0 )), and specific humidity at 2 m (the third term, hereafter LH (Qa 0 )) to the OAFlux-buoy differences in LH. Since Qs is determined by SST, LH (Qs 0 ) is equivalent to LH (SST 0 ). The right-hand side of (equation (2) , respectively ; such errors are due to a warm SST and a strong wind bias (Figure 7 ). Compared to OAFlux-0.25 , OAFlux-1 has higher RMS difference and lower correlation coefficient in all fluxes and flux-related variables with respect to the buoy observations. Note that the mean bias for OAFlux-1 is relatively lower in both LH and SH, although it's corresponding SST is warmer than . By considering the mean difference in Qa ($0.08 g/kg) and Ta ($0.21 C) between the two products, the impact of warm bias in SST is offset by a warm bias in air temperature and a wet bias in humidity. (1 Â 1), OAFlux-1 , and CLIMODE buoy. A 3 day running mean was applied.
[33] Examination of the time series of ERA interim indicates that the reanalysis product shares similar quality as OAFlux-0.25 at CLIMODE (Figure 8 ). Compared to , ERA interim has warmer biases in both SST and Ta, but smaller bias in wind speed. The mean biases of Qa for the two products have opposite signs. The time series of CFSR shows that compared to , the reanalysis has smaller bias in Qa and wind speed but larger bias in Ta (Figure 9 ). Although the reanalysis has lower mean SST than , it has even bigger overestimates of LH, with the mean bias of 54.1 Wm
À2
. This implies that the bias in LH is partially caused by the difference between the COARE algorithm and the bulk flux algorithm used in the reanalysis.
[34] Among the six products, MERRA has the smallest mean bias in both LH and SH against buoy observations. For example, the mean bias in LH is 20.3 Wm
, about 50% less than . However, compared to OAFlux-0.25
, it has very similar RMS difference and lower correlation coefficient. The time series of the four flux-related variables from MERRA show that there are significant biases in SST, Qa, and Ta (Figure 10 ), except for wind speed, which agrees well with buoy observations in general. SST appears to be overly smoothed and is much warmer than observations, with the mean bias of 1.58 C and RMS difference of 3.04 C. On the other hand, both Qa and Ta are significantly overestimated. The mean bias in Qa is 1.25 g/Kg, with RMS difference of 1.55 g/kg; the mean bias in Ta is 1.31 C, with RMS difference of 1.96 C.
It is evident that high Qa and Ta help offset ocean heat loss caused by warm SST bias, and reduce the mean bias; however, they do not seem to reduce RMS difference much because both SST and Qa (or Ta) have significant biases against buoy observations.
[35] Time series of NCEP further confirms that SST is the least accurate variable among the four flux-related variables, in comparison with buoy counterparts (Figure 11 ). For the five data sets (OAFlux-1 , ERA interim, CFSR, MERRA, and NCEP) SST accounts 65.2, 70.1, 41.2, 101, and 52.3% of the total variance of LH 0 , respectively ; and it accounts for 88.2, 115, 79.1, 150, and 58.6% of total variance of SH 0 . Because SST is closely linked to Ta and Qa, the variance of SST or Qs is larger than the variance of (SST-Ta) or (Qs-Qa). This accounts for the values >100%.
[36] Time series comparison of OAFlux-0.25 fluxes with the other five NDBC buoys obtained similar results that SST is the major cause of the deviations of the gridded LH and SH from the buoy fluxes. One example of using NDBC buoy Station 41025 for comparison is shown in Figure 12 . This buoy is also located near the core of the GS front (Figure 2 (1) and (2) and the buoy. However, significant mean departure of gridded SST from buoy SST is evident, particularly during the winter and early spring seasons. The SST being the leading cause of the RMS differences of LH is also found at this location, and the difference between area average and point measurement seems again to be the cause of the SST difference between the gridded data and buoy measurements.
OAFlux-0.25
Versus OAFlux-1
[37] The annual mean (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) LH and SH from and the difference between OAFlux-0.25
and OAFlux-1 o are shown in Figure 13 . In making the difference plot, the 1 OAFlux data set is linearly interpolated into the 0.25 grids. Major differences in the two sets of LH annual means appear to be closely associated with the GS fronts, with the maximum difference exceeding 40 Wm À2 in a narrow zone located to the right-hand side of the GS north wall. It is evident that the low-resolution underestimates the peak heat loss from the oceans over the front. Away from the front, the differences between the two OAFlux products are generally small except for some localized eddy-like features along the GS northern extension, suggesting that the spatial resolution does not change the mean pattern of surface heat flux but does change detailed depiction, such as peak magnitude and structure, of surface fluxes in the vicinity of ocean fronts and eddies. A similar difference pattern between the two OAFlux LH products is also seen when comparing the mean fields constructed for the winter seasons only, except that the LH differences over the GS front have a much larger magnitude. This is anticipated as the annual-mean surface flux pattern in the GS is primarily determined by the strong air-sea exchanges during the fall-winter seasons. The same arguments apply to the two SH products from OAFlux. The difference pattern in the annual-mean SH is similar to that of 
OAFlux Versus Reanalyzed Fluxes
[38] The daily mean variability of LH and SH from six products, including two OAFlux products and four atmospheric reanalyzed flux products (Table 1) was evaluated using the six participating buoys based on three basic matrices: the mean average over the available or targeted buoy measurement period (Table 2) , RMS of the differences between product and buoy, and correlation between product and buoy. Figures 14a and14b show the comparison of the mean averages of LH and SH from the six products with buoy counterparts at the six buoy locations. In terms of the relative location of each buoy to the GS front varies, the six buoys can be loosely clustered into two groups, named group-warm and group-cold, based on their proximity to the location of the GS north wall (e.g., the SST 18 C isotherm in Figure 2 ). The group-warm include the three buoys, CLIMODE, NDBC 41,025, and 44,004, that can approximate the flux variability associated with the GS warm waters, and the group-cold includes the three remaining NDBC buoy stations, 44,008, 44,011, and 44,018 , that are located to the northwest of the GS north wall, on the colder continental shelf waters. Accordingly, Figures 14a and 14b list the three buoys of the group-warm first, followed by the three buoys of the group-cold.
[39] The mean LH of the group-warm is all above 120 Wm
À2
, while the mean LH of the group cold does not exceed 50 Wm À2 . The different background air-sea conditions between the warm waters of the GS front and the colder water over the continental shelf appear to be influential. Nevertheless, at all the six buoy locations, the mean LH dominates the mean SH by a factor of 4, indicating that LH is a dominant flux component in the vicinity of the GS on the mean basis. The group-warm comparison suggests that the six flux products all overestimated the mean LH and SH at CLIMODE and NDBC 44,004. At NDBC 41,025 (upstream of CLIMODE), the six flux products differ considerably. LH has the best agreement with the buoy but the SH is slightly overestimated. CFSR shows an overestimation bias for LH and does a reasonable job for SH. The other four products show an underestimation at various degrees, with MERRA having the largest underestimation bias, by about 100 , which is comparable to the mean of buoy LH at these locations. NCEP SH is also overestimated and similar to LH, the magnitude of the overestimation is as large as the buoy mean SH. and CFSR slightly underestimate SH, while OAFlux-1 has a better agreement with buoy. MERRA and ERA-interim have good SH estimates at NDBC 44018 but slightly overestimate it at NDBC 44011.
[41] To better quantify the buoy evaluation of the flux products, the mean product-buoy differences in LH, SH, and four basic variables at each buoy location are computed for each product and then averaged over the six buoy locations. Figures 15a-15f are bar plots summarizing the mean differences for the six product-buoy pairs for six variables (LH, SH, SST, Ta, Qa, and U) averaged over the six buoy locations. Values of the three statistical properties, namely, mean differences, RMS differences, and correlation coefficient for the six product-buoy pairs are given in Tables 3  and 4. [42] Based on Figures 15a-15f and Tables 3 and 4 , the comparison of the six products with buoys can be summarized as follows.
Latent Heat
[43] Except for MERRA LH that is underestimated by 5.5 Wm
À2
, all other products overestimate LH compared to the buoys. In fact, MERRA overestimates LH at the three NDBC Stations categorized under the group-cold where heat loss is low, while significantly underestimates LH at Stations 41,025 (group-warm) where heat loss is very high. The overall mean underestimation bias in MERRA LH resulted from error compensation. OAFlux Ã 0.25 has the smallest overestimation error (7.6 Wm ). Given that the mean LH averaged over the six buoys is 98.8 Wm
, the errors in the LH products range from 7.7% ) to 28.7% (NCEP) of the mean LH from buoys. OAFlux-0.25 also has the smallest RMS difference error (44.9 Wm [44] Judging from the three statistical properties, OAFlux-0.25 has the best comparison with the buoy and CFSR is the second best. OAFlux-1 , though has a mean bias smaller than CFSR, has a slightly larger RMS difference error. The sensitivity of flux products to spatial resolution is hence suggested, as and CFSR (0.31 ) are the only two products (see Table 1 ) that have the resolution for better resolving spatial scales of mesoscale variability associated with ocean fronts and eddies.
Sensible Heat
[45] The better comparison of OAFlux-0.25 and CFSR with buoys is again shown in SH. The two SH products have a near-zero mean difference from the buoys, and the highest correlation coefficients (0.95). The RMS difference error is 19. comparison, MERRA SH is the only product being underestimated. Compared to the buoy mean SH of 28.3 Wm
À2
, the mean difference error in the six products ranges from 0.0% (OAFlux-0.25 ), to 0.1% (CFSR), to 6.2% (OAFlux-1 ), to 5.8% (MERRA), to 8.1% (ERA-interim), and to 46.2% (NCEP). NCEP has the least favorable comparison with the buoys for both LH and SH components.
Basic Variables
[46] The difference errors in LH and SH result from the compensation of difference errors in SST, Qa, Ta, and U (equations (1) and (2)). The four OAFlux-0.25 basic variables represent major improvements over ERA-interim, MERRA and NCEP counterparts with respect to buoy measurements. The OAFlux-0.25 variables also improve over the OAFlux-1 counterparts. It is, therefore, not a surprise to see that is the best flux product at the buoy sites. Note that similar to , CFSR also has smaller errors in four basic variables compared to the buoy data.
[47] To complement the mean LH and SH plot in Figure  14 , a Taylor diagram displaying the correlation coefficients and RMS difference errors of the six product-buoy pairs is shown in Figure 16 . The OAFlux-0.25 is the best product in the group is clearly shown, along with CFSR as the second best followed by OAFlux-1 . MERRA and NCEP are less favored at the buoy locations.
Statistical Analysis

Wave Number Spectra and Spatial Scales
[48] Although with the resolution of 110 km, OAFlux-1 can produce a power spectrum down to 220 km at the Nyquist limit, the spectrum could be accurate only for wave length larger than at least four times the grid size, i.e., 440 km for the case of the 1 resolution. Figure 17 shows the results of spectral analysis of OAFlux-0.25 versus OAFlux-1 as well as the four reanalyses for the daily mean LH þ SH in the eight winter seasons for the years 2002-2010. The spectra are calculated along meridional direction from 29 N to 45 N, covering a strip over the ocean of 1770 km, and then averaged across the basin from 
75
W to 43 W. The OAFlux-0.25 LH þ SH spectrum shows a roughly k À3 power law ( Figure 17 ). This is different from the wave number spectra for the OAFlux-0.25 flux-related variables (i.e., SST, Ta, Qa, and U), which have the k À3 power law for the scale larger than 500 km and the k À5/3 power law for the scale less than 300 km (not shown). The shape of the LH þ SH spectrum, however, is found to be similar to that of (SST À Ta) and (Qs À Qa). The wave number spectrum for OAFlux-1 departs from OAFlux-0.25 falls faster at scales smaller than about 600 km, which implies the limit for an accurate description of the small-scale variability for the 1 product. For example, in comparison with , OAFlux-1 underestimates power spectral density (PSD) approximately 68% at scale of 300 km. Spectra from CFSR and ERA interim are similar to that from , but they are flatter at scale smaller than 450 km, except for a noise contribution at the smallest scales (i.e., about 70 and 150 km at the Nyquist limit for CFSR and ERA interim, respectively). The PSD from MERRA is significantly lower and the high spatial frequencies (small scales) spectrum drops even faster than the coarse-resolution NCEP. Compared to , the PSD from MERRA is six times smaller at scales from 250 to 350 km, indicating that OAFlux-0.25 contains much more small-scale information than MERRA.
[49] Since the length scale for the eddy variability in GS can be as short as 120 km, about four times the grid size for the 0.25 resolution, resolving air-sea flux down to the order to 0.25 is a critically important step forward in the description and understanding of the air-sea interaction. Jiang et al. [2012] used high-resolution shipboard measurements to examine the spatial scale of turbulent heat fluxes in Drake Passage, and estimated the decorrelation length scales of SH and LH are 65 6 6 and 80 6 6 km, respectively. These eddy scales are not resolved by OAFlux-1 and the reanalyses products. The decorrelation scales of SH and LH from OAFlux-1 , for example, are 118 6 6 and 125 6 6 km, respectively.
[50] In this study, we used the method by Jiang et al. [2012] to examine the decorrelation length scales of SH and LH in the GS region. The decorrelation length scale is derived by integrating the autocorrelation function with respect to the space lags from a lag of zero to the first zero crossing. The data are the same as that used for wave number spectra analysis, except LH and SH were used instead of LH þ SH; in addition, the southern boundary was set at 31 N, where the first baroclinic Rossby radius is about 40 km. The results are summarized in the Table 5 . The scales of SH and LH from are 161 6 1 and 158 6 1 km, and from OAFlux-1 are 183 6 1 and 177 6 1 km, respectively. Both ERA interim and CFSR show scales comparable with OAFlux-1 , whereas MERRA and NCEP show scales much larger than others.
[51] Note that the decorrelation length scale in OAFlux-1 is very close to the upper bound of the length scale in both the GS region ($180 km) and the Southern Ocean ($120 km, as the Rossby radius is less than 20 km). With a finer resolution, OAFlux-0.25 does depict eddy variability better than OAFlux-1 and the four reanalyses. For SH for buoy and six products constructed using available buoy measurement periods at each of the six buoy locations.
example, the length scale reduction is about 11% and 17% compared to OAFlux-1 and MERRA, respectively. However, in the GS region the decorrelation length scale of $160 km from is in the middle but close to the upper bound of the scale (about 120-180 km) determined by the first baroclinic Rossby radius. As a result, still cannot resolve eddies of smaller scales.
[52] A close examination of Figure 2 can see a good example of the difference between the six participating flux products with respect to the front and eddy-like features. We chose the core regime of the GS and its extension (283-310 E, 32-42 N) , calculated the deviation from the local mean (over this area) and then calculated the RMS deviation from these six data sets. The RMS of the LH þ SH over the frontal area increased about 10%, i.e., from 90.3 Wm À2 of OAFlux-1 to 99.1 Wm
À2
of OAFlux-0.25 (Table 6 ). On the other hand, CFSR has the largest RMS of 93.9 Wm
, whereas MERRA has the smallest RMS of 67.9 Wm À2 among the four reanalyses products.
PDF Analysis
[53] Since the buoy validations are limited to very few sites, the large-scale statistical characteristics are further evaluated in terms of PDFs. The PDFs of LH þ SH from the six participating flux products, as a function of latitude, are shown in Figure 18 . The PDFs were computed by using the daily mean LH þ SH in the winter season for the years 2002-2010. All products agree in basic structure. The sampling distribution of heat fluxes is centered at 100 Wm À2 in the south and 50 Wm À2 in the north of the region. In the middle Figure 15 . Mean product-buoy differences in (a) LH, (b) SH, (c) SST, (d) Ta, (e) Qa, and (f) U for the chosen six products averaged over the available buoy measurement period and then over the six buoy locations. Positive values denote the products are overestimated compared to buoy while negative values denote products are underestimated.
latitudes between 35 N to 42 N, which are the locations of the maximum LH þ SH front, the distributions of heat fluxes are skewed toward a more positive direction, indicating increase in the probability of strong heat loss. These statistical characteristics provide further insight into features in Figure 3 that show weaker variability in south and north (where the PDFs are more concentrated), and stronger variability in the middle latitudes (where the PDFs are decentralized). Among the six products, the distribution of heat fluxes for MERRA are more concentrated in a band between 0 and 200 Wm À2 along all the latitudes, whereas the distribution for NCEP tends to be more stretched out to the positive direction.
[54] The distributions of PDFs are further depicted along three selected latitudes (at 44.5 N, 38.5 N, and 32.5 N, respectively) in Figure 19 . , OAFlux-1 and CFSR have similar distributions, featuring skewed to the right (more strong heat loss), and more leptokurtic (less variability) at high and low latitude than at middle latitude. Compared to , MERRA has lower probability of strong heat loss, whereas NCEP has higher probability of strong heat loss. ERA-interim has a pattern similar to OAFlux-0.25 over both cold (44.5 N) and warm (32.5 N) waters, but underestimates the probability of heat fluxes higher than 700 Wm À2 in the midlatitude (38.5 N), which across the core regime of the GS.
[55] Further, we compare the PDFs distribution of the daily mean LH þ SH collocated from buoys and from six products, as shown in Figure 20 . The results shown here are consistent with the PDFs distribution in Figure 19 that represents the characteristics for across the basin. OAFlux-0.25 , OAFlux-1 , CFSR, and ERA-interim depict similar distributions and are in good agreement with the buoys. In contrast, MERRA and NCAR exhibit a different result from the buoy. MERRA underestimates the probability of strong heat loss, which is consistent with the in situ validation from Roberts et al. [2012] , whereas NCEP overestimates the probability of strong heat loss.
Summary and Conclusion
[56] The newly developed OAFlux-0.25 surface heat fluxes analysis was assessed for the eddy-rich GS region through point-to-point buoy validation and basin-scale statistical analysis in terms of wave number spectrum decorrelation of length scale, and PDFs. An intercomparison between OAFlux-0.25 , OAFlux-1 , and four atmospheric reanalyses was also performed. produces sharper and stronger fronts. The pattern of CFSR is similar to the OAFlux-0.25 counterparts, whereas MERRA underestimates ocean heat losses over the core path of the GS and overly smoothes the spatial variations. NCEP shows the smoothest and broadest pattern but has largest magnitude.
[58] Comparison of OAFlux-0.25 with CLIMODE buoy shows a reasonably good agreement in the daily mean time series over a 15 month observation period; however, heat fluxes are overestimated, in particular during the winter season. The cause of such overestimate is primarily due to a mismatch in SST between gridded data and point measurements when strong spatial gradients are presented. At NDBC Station 41,025, which is located in a key point to measure the GS fronts, OAFlux-0.25 compares very well with buoy measurements, indicating a major improvement over OAFlux-1 in resolving the heat fluxes in the vicinity of sharp oceanic fronts. Over the three NDBC Stations located in the cold water north of the GS, OAFlux-0.25 has nearly a perfect match in both LH and SH compared to buoy counterparts.
[59] In comparison with OAFlux-1 and the four reanalyses, has the best performance with respect to buoy observations in both LH and SH. The mean biases in LH and SH for over the six buoys are 7.6 Wm À2 (7.7%) with RMS error of 44.9 Wm
À2
, and 0.0 Wm À2 with RMS error of 19.4 Wm
, respectively. CFSR is the second best, followed by OAFlux-1 . MERRA has smaller mean bias in both LH and SH but lager RMS error in comparison with ERA-interim and CFSR. NCEP is less favored in comparison with buoy observations.
[60] The wave number spectrum for the OAFlux-0.25 LH þ SH shows a roughly k À3 power law. The spectrum for OAFlux-1 departs from OAFlux-0.25 at scales about 600 km, implying that the 1 product is less representative of variability with the length scale less than this limit. Comparison among the six products shows that higher resolution product contains more small-scale information, except for MERRA of which the PSD is significantly lower overall and the high spatial frequency spectrum drops even faster than the coarse-resolution NCEP. The decorrelation length scale analysis indicates that OAFlux-0.25 depicts eddy variability better than OAFlux-1 and the four reanalyses; however, its capability in detecting eddies with smaller scale still needs to be improved.
[61] The meridional distribution of PDFs of LH þ SH indicates that the large-scale spatial patterns from the six products are generally in agreement with each other. In the latitude band between 35 N and 42 N, the distributions of LH þ SH are skewed toward a more positive direction, showing evidence for strong oceanic heat loss along the core of the GS. Despite the similarity in structure, MERRA shows lower probability of strong heat loss, whereas NCEP shows higher probability of strong heat loss, in comparison with the others. ERA-interim closely resembles the distribution for OAFlux-0.25 over both cold and warm waters, but it underestimates the probability of heat fluxes higher than 700 Wm À2 in the midlatitude across the core regime of the GS. The PDFs distributions in terms of the data collocated from buoys and the six products are found to be consistent with the PDFs characteristics for across the basin.
[62] Among the four reanalyses, CFSR stands out as the best in comparison with . CFSR has the highest resolution (0.31 ) for better resolving the small-scale variability ; it also has overall best quality in flux-related variables, and that leads to smaller errors in heat fluxes, with respect to buoy observations. The data used in the calculation are as the same as that used for the wave number spectra, except LH and SH were used instead of LH þ SH; in addition, the southern boundary was set at 31 N. Error bars are two times standard error. 
